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Protein structureThe voltage-dependent anion-selective channel (VDAC) is the most abundant protein in the mitochondrial
outer membrane and the major transport pathway for a large variety of compounds ranging from ions to
large polymeric molecules such as DNA and tRNA. Plant VDACs feature a secondary structure content and
electrophysiological properties akin to those of VDACs from other organisms. They however undergo a spe-
ciﬁc regulation. The general importance of VDAC in plant physiology has only recently emerged. Besides their
role in metabolite transport, plant VDACs are also involved in the programmed cell death triggered in re-
sponse to biotic and abiotic stresses. Moreover, their colocalization in non-mitochondrial membranes sug-
gests a diversity of function. This review summarizes our current understanding of the structure and
function of plant VDACs. This article is part of a Special Issue entitled: VDAC structure, function, and regula-
tion of mitochondrial metabolism.
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Plant mitochondria are known to differ from those of other organ-
isms. These differences notably include the enzymes of the electron
transport chain, the type of metabolism occurring in the matrix, the
size, structure, organization and expression of their genome as well as
the metabolite exchange between mitochondria and other organelles
[1–5].
The exchange of ions and metabolites between the cytosol and the
mitochondrial matrix is mediated by a variety of speciﬁc carriers and
by a potassium channel through the mitochondrial inner membrane
(MIM) [6] and by the wide voltage-dependent anion-selective chan-
nel (VDAC) through the mitochondrial outer membrane (MOM).
The existence of pores in the MOM of plants was ﬁrst evidenced by
Parsons et al. in 1965 [7] who observed negative stain-ﬁlled ‘pits’ of
about 2.5–3.0 nm in diameter in electron micrographs. Later X-ray
scattering experiments ascribed these ‘pits’ to a 30 kDa protein.
Their high surface density (2·104 protein/m2) indicated that this
protein is the most abundant one in the MOM of plants [8]. Fifteen
years after the presence of these wide pores was detected it was
shown that phospholipid vesicles enriched with MOM puriﬁed from
Vigna radiata (Phaseolus aureus, mung bean) were permeable to poly-
saccharides with a molecular mass up to 4–6 kDa thanks to the pres-
ence of a 30 kDa membrane protein [9]. A high conductance channel
corresponding to a protein with a similar molecular mass was puriﬁed
frommitochondria of Zea mays (corn). This channel characterized elec-
trophysiologically after reconstitution in planar lipid bilayer displayed
general properties similar to those of VDAC pertaining to other eukary-
otes [10,11]. It was demonstrated afterwards that plant VDAC proteins
belong to a small multigene family [12–14] larger than that found in
mammals (three genes) and fungi (two genes): the Arabidopsis thaliana
genome contains ﬁve putative VDAC genes and ten are found in the
Populus trichocarpa (poplar) genome. This varying number of genes
may be indicative of a certain diversity of VDAC functions in plants.
The number of publications speciﬁcally dedicated to plant VDACs
has grownmore slowly than that dealing with VDAC from other organ-
isms (Fig. 1). As a consequence, data obtained on plant VDACs haveFig. 1. Number of yearly publications either on plant (green) or animal and fungi (red)
VDAC.sometimes been interpreted in the light of models andmechanisms de-
veloped for mammals and fungi. Notwithstanding the relative paucity
of information on some characteristics of plant VDACs, these channels
have their own speciﬁcities and play a key role in plant physiology.
In this article we review our current understanding and knowl-
edge of structure, function, subcellular localization and physiological
roles of VDAC in plants. We also discuss the relevance of mammalian
VDAC models and mechanisms as a working hypothesis to decipher
the structure and function of plant VDACs.
2. Channel electrophysiology and regulation
Biochemical and biophysical characterization of VDAC from Zea
mays (corn) [10,11], Pisum sativum (pea) [15,16], Triticum aestivum
(wheat) [17], Solanum tuberosum (potato) [18], and Phaseolus sp.
(runner bean) [19] revealed functional similarities between these
VDACs and those from other organisms. Despite their low sequence
identity (Table 1) VDAC from animals, plants and fungi display similar
basic electrophysiological properties: a high open conductance
(~4 nS in 1 M KCl) in the fully open state, a relatively symmetrical
bell-shaped voltage-dependence and a weak anion selectivity (PCl/
PK~2) (e.g., [10,17,19]). At voltages |V|≤10 mV (where || denotes
the absolute value) VDAC is in its fully open state. At voltages |
V|≥20 mV the channel partially closes to a subconductance state.
Half of the channels are found in a subconductance state at about |
V|=30 mV [20]. A broad range of subconductance levels have been
observed (Fig. 2). At moderate voltages they feature a conductance
value corresponding to about half that of the fully open state. Change
of conductance usually correlates with a change of selectivity: VDAC
becomes cation selective (PK/PCl~40) in the subconductance states
(e.g., [19]). It is widely accepted that the change in selectivity regu-
lates the ﬂow of metabolites through the mitochondrial envelope. In-
deed, in the fully open state the channel is permeable to anionic
metabolites like succinate, citrate, malate, ATP and ADP [21–23]
while it becomes impermeable to those metabolites in the partially
closed states.
2.1. Voltage-regulation
In vitro experiments on VDACs reconstituted in planar lipid bila-
yers clearly show that the channel conductance is regulated by the
electric potential difference imposed across the membrane. UnlikeTable 1
VDAC sequences from different origins share only a low sequence identity. For each
group the global sequence identity and the averaged pair-wise identity with its stan-
dard deviation (highlighted in italics) are given. The global sequence identity was cal-
culated using clustalw2 [176], and the pair-wise identity using a Needleman–Wunsch
algorithm [182]. In total 134 (59 animal, 44 plant and 31 fungal) VDAC sequences were
selected. The same set of sequences was used for the construction of the phylogenetic
tree (see Fig. 6).
Fungi Animals Plants
Fungi 12% 3% 1%
56±19% 31±4% 25±3%
Animals – 14% 2%
68±11% 28±5%
Plants – – 5%
59±14%
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Fig. 2. Change in conductance of a single PcVDAC32 channel in response to a +50 mV
voltage step. The PcVDAC32 was reconstituted in a planar lipid bilayer made from soy-
bean phospholipids. Upon application of a voltage the current ﬂowing through the
channel increases to its maximum value corresponding to its maximal conductance be-
fore decreasing to a subconductance level. Each of the seven experiments is shown in a
different color and has been recorded on the same channel. The triangles above the
graph indicate the occurrence of the transition to a subconductance state.
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generate a membrane potential difference across the MOM. It has
been proposed that a Donnan potential could arise across the MOM
from an unequal distribution of large charged macromolecules, main-
ly proteins, between the cytoplasm and the intermembrane space
[24]. The magnitude of this Donnan potential was estimated to be
lower than 30 mV [25]. The intermembrane space was also suggested
to have a slightly more acidic pH (6.9) than the cytosol (pH 7.6). As-
suming that equilibrium prevails across the MOM, this pH difference
would give rise to a membrane potential difference of about 40 mV
[26]. A steady voltage of this magnitude is large enough to switch
VDAC to a subconductance state and to convert the MOM into a mem-
brane weakly permeable to anionic metabolites. Therefore, the regula-
tion of the MOM permeability would pertain to VDAC opening rather
than to its closure. Given the diversity of molecules (proteins, metabo-
lites) that modulate the gating (opening or closure) of VDACs from
plants, mammals and fungi we can speculate that the in vivo regulation
of the VDAC conductance might be an intricate multifactorial process.2.2. NAD(P)H regulation
The mitochondrial oxidative phosphorylation (OXPHOS) pathway
is located in the MIM and consists of the ATP-synthase, several dehy-
drogenases and complexes I–IV, which are linked via the ubiquinone
pool. In addition, plant mitochondria have a non-proton-pumping al-
ternative oxidase as well as two rotenone-insensitive, non-proton-
pumping NAD(P)H dehydrogenases on each side of the inner mem-
brane. All these dehydrogenases are linked to the ubiquinone pool,
which is reduced by input of electrons via the various dehydrogenases
and oxidized by the cytochrome and/or the alternative oxidase. The pres-
ence of NAD(P)H dehydrogenases on the outer leaﬂet of the MIM allows
plant mitochondria to oxidize cytosolic NAD(P)H. NADH and NADPH
which are carriers of reducing equivalents regulate metabolic pathways.
β-NADH reduces the permeability of the potato mitochondrial en-
velope to ADP in a dose-dependent manner (KD ~90 μM). This effect,
not observed in the presence of α-NADH and β-NAD+ [27], was as-
cribed to a regulation of VDAC channel as β-NADH was shown to sig-
niﬁcantly increase the steepness of VDAC voltage-dependence in
human and fungi [28]. Mg2+-NADPH and NADH have similar effects
on mitochondria permeability and on reconstituted VDAC channels
suggesting that they act in the same way. However, NADH has a
lower apparent KD than NADPH [29]. The change in ADP permeability
of the MOM induced by NAD(P)H might be responsible for asigniﬁcant difference in the ADP concentration between the cytosol
and the intermembrane space.
2.3. Effect of ionic strength
The electrophysiological characterization of VDACs from plants
and other organisms has been mainly obtained at high (1 M) KCl con-
centration solutions. The data were then assumed to be valid at con-
centrations prevailing in vivo. The linear dependence of the VDAC
conductance with the KCl concentration sustains this assumption.
However, it was shown that the voltage-dependence of the VDAC32
from P. coccineus (PcVDAC32) decreases linearly with the ionic con-
centration and is nearly completely inhibited in the presence of
about 130 mM KCl [20]. This effect has been explained by the weaker
screening of both lipid and VDAC charges at low ion concentration
which would favor the direct electrostatic interactions between the
lipids and the protein. These interactions would in turn stabilize
VDAC in the open conformation [20]. The effect of the ionic strength
on the voltage-dependence has not been observed in fungus or ani-
mal VDAC and could be thus speciﬁc to plant VDACs. The addition
of phytosterols was reported to restore the voltage-dependence of
PcVDAC32 in 130 mM KCl. Mlayeh et al. (2010) [20] have suggested
that the binding of phytosterols to the VDAC induces the rupture of
the lipid–protein interactions.
2.4. Sterol regulation
Sterols are essential structural components of biological mem-
branes. Reports have shown that cholesterol binds tomammalianmito-
chondrial VDAC [30–32] and that sterols are important for VDAC folding
[33,34]. Mammalian and fungimembranes contain only one type of ste-
rol: cholesterol and ergosterol, respectively. Plant membranes feature a
diversity of phytosterols such as sitosterol, stigmasterol, campesterol,
and some tiny amount of cholesterol [35,36]. Sitosterol and stigmasterol
are themost abundant sterols in plant membranes. Phytosterols are re-
quired to refold denaturated plant VDACs and the recovery of the chan-
nel activity varies with the type of phytosterol [37]. They alter the
selectivity of the PcVDAC32 but only stigmasterol affects its voltage-
dependence in the range of the sterol fraction found in plant mitochon-
dria. Neither the gating nor the single channel open conductance is al-
tered by stigmasterol. With respect to the voltage-dependence only
the constant tail value corresponding to high voltages (|V|≥50 mV) is
signiﬁcantly increased (Fig. 3) indicating that the lowest levels of con-
ductance achieved in the absence of sterols are no longer accessible in
the presence of stigmasterol. Thus the effect of sterols depends on the
type of sterols and occurs at a low sterol fraction in the membrane.
This indicates that the impact of sterols on plant VDACs is due to a ste-
rol–protein interaction and not to a change in the physical properties of
the lipid bilayer [20]. These results cast a new glance on the regulation
of plant VDAC channels: selectivity and voltage-dependence are modu-
lated by lipid–protein interactions.
The lipid composition of mitochondrial membranes changes in re-
sponse to both internal and external cues and inﬂuences the mito-
chondrial functions [38]. Biochemical and genetic experiments on
sterol-deﬁcient mutants in plants show the pleiotropic role for sterols
in regulating plant growth and development as well as cellular signal-
ing. We can thus conjecture that a change of the sterol composition
and abundance in the MOMmight alter the mitochondrial respiration
in plants [39–43].
3. VDAC sequences and structures
3.1. Sequences of the VDAC proteins
Multiple sequence alignment (MSA) built using VDAC protein se-
quences from different species including animal, fungi and plant
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Fig. 3. Voltage-dependence of PcVDAC32 reconstituted in a planar lipid bilayermade from
soybean phospholipids in the absence (red) and in the presence (blue) of 5% stigmasterol.
1489F. Homblé et al. / Biochimica et Biophysica Acta 1818 (2012) 1486–1501proteins revealed only a very low sequence identity ≤5% (Table 1),
close to that found for a set of random protein sequences [44].
These sequences however share several common features. First, all
plant sequences consist of several large regions containing alternat-
ing polar and nonpolar residues [45–47] typical of a β-structure.
This pattern is shared by other mitochondrial and bacterial outer
membrane porins [48]. Second, several residues in the N- and the C-
terminal region were shown to be conserved across organisms
[47,49].3.1.1. Common motifs in VDAC sequences
Several studies have been carried out to determine the sequence
motifs speciﬁc to eukaryotic membrane β-barrels in order to enable
fast and efﬁcient identiﬁcation of these proteins in databases and toFig. 4. VDAC sequence motifs. A: The position of the VDAC motifs is depicted along a
schematic representation of the VDAC sequence. B: Motifs derived in VDAC sequence
alignments: The red-outlined box describes the plant motif found in Young et al. [49]
and in this study. The blue-outlined box describes the Prosite motif and the similar
motif identiﬁed in this study. The green-outlined box denotes the β-signal motif iden-
tiﬁed in Imai et al. [53] and in this study. Po stands for non negatively charged polar
residue, G for glycine, Hy for large hydrophobic residue, hy for hydrophobic residue in-
cluding Ala and Cys, Ng for negatively charged residue and x for any residue.classify new protein sequences [49–53]. The location of these motifs
within the VDAC sequences is schematically depicted in Fig. 4A.
Young et al. [49] extracted from their MSA, based on 141 VDAC se-
quences from plants, fungi and animals, a motif speciﬁc to green
plants which is located in the N-terminal region.
A conserved motif named the GLK triplet near amino acid 90 has
also been identiﬁed [50,51]. This triplet gained attention after it was
proposed as a putative nucleotide binding site in a porin from the
pathogenic Neisseria species [54]. A similar triplet (GMK) was also
reported to be involved in the nucleotide binding in the T-cell recep-
tor [55]. However, the GLK triplet in VDAC was later rejected as a pos-
sible nucleotide binding site since the mutation Lys into Glu did not
alter the ATP binding in N. crassa [51]. Moreover Young et al. [49]
showed that several fungi and animal sequences lack the GLK triplet.
In their selected plant sequences the GLK triplet occurs at two posi-
tions with a variation: the GLK motif is often replaced by the triplet
STK in both occurrences. The occurrence of either the GLK or the
STK triplet was proposed to be an indicator of different plant VDAC
isoforms.
Another motif deposited in the Prosite Dabase (number PS00558)
is the eukaryotic porin motif. This motif includes the VKAKV motif,
which was ﬁrst detected in a small number of VDAC sequences [52].
The two lysines in the VKAKVmotif have been shown to be important
for the assembly of yeast VDAC into the MOM [52]. A recent study
[56] based on plant VDAC from A. thaliana showed that the amino
acid at the position 6 of the Prosite motif (corresponding to the posi-
tion 223 in A. thaliana VDAC1) (Fig. 5A) is a main factor determining
the localization of VDAC (see Section 3). Wandrey et al. [14] did not
ﬁnd the Prosite motif in all VDAC sequences of L. japanicus, which
may suggest that this motif does not occur in all VDAC isoforms.
Young et al. [49] have also questioned the universality of the Prosite
motif since it was not found in all their aligned sequences. They
showed that the VKAKV motif was also not conserved.
The last identiﬁedmotif, located at the C-terminal end of the VDAC
sequence, is called the β-signal. It was discovered in 2008 [57] as an
import signal for eukaryotic β-barrel proteins. According to their
study, the C-terminal β-signal motif is PoxGxxHyxHy (Po stands for a
polar residue, G for glycine, Hy for large hydrophobic residue and x
for any residue). A more recent alignment [53] of 70 mitochondrial
β-barrel protein sequences found a slightly more reﬁned β-signal
motif “PoxGhyxHyxHy” (hy stands for hydrophobic residue including
Ala and Cys). All 16 VDAC sequences included in this alignment con-
tained the reﬁned motif.
None of the studies described heretofore was speciﬁcally dedicat-
ed to plants. We thus performed a MSA of 180 plant VDAC sequences
and searched it for the typical motifs. We detected the Prosite and the
plant motifs in almost all sequences. At several positions however the
sequence of the motifs showed a higher variability compared to the
motifs described in the literature (Fig. 5A). We were able to identify
the two GLK triplets. They were however spotted with several varia-
tions (Fig. 5B). Since this particular motif is a rather short one and
seems to be liable to several alterations, it should be treated with cau-
tion and maybe not used as a motif in particular in plant VDAC se-
quences. Moreover, the functional importance of these triplets
remain elusive. The β-signal motif was clearly detected in our MSA
(Fig. 5C). Interestingly it appears more conserved in our MSA and
could even be elongated by two residues on the C-terminal extremity
(Fig. 5D) leading to the “PoHyGhyxHyxHyKP” motif.
In general, transmembrane proteins allow for more alterations at
the sequence level than globular proteins. One of the constraints
however is that the protein residues exposed to the lipid acyl chains
in the membrane should be hydrophobic. As for porins and in partic-
ular for VDAC the protein residues facing the water-ﬁlled pore need
to be hydrophilic. Moreover, VDAC does not feature any speciﬁc sub-
strate binding pockets which are often highly conserved even in evo-
lutionary distantly related proteins. Several studies have reported
Fig. 5. Graphical representation of motifs found in our MSA of 175 plant VDAC sequences. A: Prosite motif. The motif sequence given by the Prosite database is shown on the abscissa
for comparison. The “VKAKV”motif is underlined in pink and the star symbol indicated the position of the proline. B: The GLK triplet motif. C: The β-signal motif. The sequence motif
identiﬁed by Imai et al. [53] is shown on the abscissa for comparison and its slightly shorter length is underscored as a pink line. D: The plant motif. The sequence motif identiﬁed by
Young et al. [49] is shown on the abscissa for comparison. All sequence logos were generated using WebLogo [174].
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particular charge distribution within the channel [58,59]. Thus, a
functional VDAC requires a certain charge distribution inside the
pore but not a strict conservation of the amino acids. To preserve a
β-barrel fold an alternation of hydrophobic–hydrophilic residues
will be in principle adequate.
It might be thus more relevant to examine the VDAC sequences by
clustering the amino acids according to their physicochemical prop-
erties. Using such a clustering system developed by Imai et al. [53] a
good level of conservation of the Prosite and the plant VDAC motifs
was indeed found in the plant VDAC sequences (Fig. 4B).
3.1.2. Functionally important residues
Numerous studies have identiﬁed residues as being important for
VDAC function and/or assembly. Regarding the selectivity and voltage-
dependence most experiments have been performed using VDAC pro-
teins from fungi [58,60–63]. However, only few of these residues are
found to be conserved in mammalian VDAC [64]. For the conserved
ones further computational studies suggested an alike functional role
[65–67]. Regarding the involvement of speciﬁc residues in apoptosis
and/or cancer, most experiments were carried out in mammalian
(human or mouse) VDACs [68–74]. In plants besides the study on the
role of Pro223 in A. thaliana VDAC [56] the potential functional role of
residues in VDAC has not been investigated so far.
Residues which have been reported to affect different VDAC prop-
erties are barely conserved in all kingdoms. However, some residues
are highly conserved: D15, K19, K95, K236 and R252 (numbering re-
fers to S. cerevisae). K236 was identiﬁed to be important for the as-
sembly of yeast VDAC into the MOM [52]. The other four residues
are key players in the electrophysiological behavior of VDAC: itsselectivity and its voltage-dependent gating [58,60,61,63]. The con-
servation of these residues sustains data from numerous experiments
which suggest that VDACs across species share a similar electrophys-
iological behavior.
3.2. Phylogenetic tree
Most of the former analyses of phylogenetic trees of VDAC have
focused either on animal [75] or on plant sequences [13,14] though
they also include a few sequences from other species. The most recent
tree considered 244 protein sequences from all three kingdoms [49].
All trees indicate an early separation of VDAC sequences from fungi,
plants and animals and suggest that the animal and fungal porins de-
rived from a common ancestor (Fig. 6).
The animal group further separates clearly into invertebrates and
vertebrates. The vertebrate sequences branch off again according not
to the different phyla but to the different isoforms (VDAC1-3). It has
been shown that the vertebrate porin gene diversiﬁcation follows a
clock-like behavior [75] suggesting that new speciﬁc, probably indis-
pensable functions have been generated by gene duplication events.
Within the plant branch the sequences from green algae form a
clade well separated from the spermatophytes, which are themselves
distributed into several distinct subfamilies. The number of these sub-
families largely depends on the number of sequences used to build
the tree. These subfamilies group VDAC sequences either from angio-
sperms or gymnosperms. The gymnosperms constitute a single distinct
group.Within the angiosperms, a node separatesmonocotyledons from
dicotyledons [13,14,49]. Inmore recent studies nodes consisting of both
monocotyledons and dicotyledons were observed [14,49]. These nodes
may originate from vdac gene duplications which occurred before the
Fig. 6. Phylogenetic tree of VDAC. The tree was inferred using the Neighbor-Joining method [175] from a MSA of 139 VDAC sequences (generated by clustalw2 [176]) including
algae (purple), plant (green), animal (red) and fungi (blue) sequences. For each sequence the corresponding species name, if available, the name of the isoform and the GenInfo
Identiﬁer (in brackets) are given. The tree and the ﬁgure were generated in MEGA5 [177].
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giosperms, the clades most likely represent distinct isoforms. Within
different land plant lineages, VDAC paralogs appear to have evolved
several times independently. Ultimately, however, all land plant line-
ages are assembled in a single clade.
Together, this phylogenetic analysis revealed that the vdac gene
duplications which gave rise to the multigene vdac family occurred
independently in animals, fungi and plants after the three kingdoms
diverged.
3.3. Topology
The shape and the dimensions of fungal VDACwere ﬁrst estimated
by electron microscopy [76–78]. These experiments revealed that
VDAC forms a transmembrane spanning pore with a size being con-
sistent with a β-barrel of about 3.7 nm. An electron microscopic char-
acterization of human VDAC crystals reconstituted in the presence of
phospholipids showed identical dimensions of 3.7 nm diame-
ter×4.3 nm height [79]. High resolution atomic force microscopy of
whole S. cerevisiae MOMs gave a similar estimate of 3.7×2.7 nm
[80] for the VDAC pore size.
Before the three-dimensional (3D) structure of VDAC1 was deter-
mined two principal approaches were used to derive the topological ar-
rangement of VDAC: bioinformatic analyses of the amino acid sequences
and spectroscopic techniques such as CD and ATR-FTIR.Several secondary structure predictors have revealed the presence
of amphipathic β-strands in VDAC from diverse species
[13,46,47,49,58,81–83]. The alternating hydrophilic/hydrophobic pat-
tern of the amino-acid side chains characteristic of β strands separat-
ing the polar environment within the channel from the non-polar
membrane phase was easily identiﬁed. The bioinformatic analyses
however argued about the number and the identity of the β-strands.
Two basic types of barrel topology were proposed: with either 12 to
13 β-strands or 15 to 19 β-strands. As for plant computer-based ana-
lyses also predicted different numbers of strands: either 18/19
[13,49] or 12/13 [47,84]. The β-topologies though different tended to
be coherent, at least in several studies, across species from fungi to an-
imals and plants [47,49,82].
Spectroscopic investigations also indicated that VDAC from plants
and fungi share the same secondary structure. CD measurements
were performed on human, fungal and plant VDACs [85–89] either on
native or recombinant proteins solubilized in detergent. All VDACs fea-
ture a similar far-UV CD spectrum characterized by a negative band at
218 nm and a positive band at 195 nm which are typical of β-pleated
sheet. ATR-FTIR spectra recorded on two puriﬁed VDAC isoforms of
bean seeds reconstituted in lipid bilayers [19,90] indicated that VDAC
from plants has the same secondary structure content as VDACs from
fungi and mammals. The spectrum of PcVDAC32 shown in Fig. 7 was
recorded on a deuterated sample to remove the contribution of water
molecules. The amide I band (1600–1700 cm−1) of the FTIR spectrum
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Fig. 7. ATR-FTIR spectrumof PcVDAC32 reconstituted in DMPC. The samplewas deuterat-
ed during 3 min before recording the spectrum. The amide I band (1600–1700 cm−1)was
used for secondary structure determination. The different components of the amide I was
achieved bymeans of self-deconvolution using a Lorentzian line shape for the deconvolu-
tion and aGaussian line shape for the apodization. The best ﬁtwas obtainedwith six bands
located at (cm−1): 1626 (β-strands), 1640 (random), 1656 (α-helix), 1671, 1682 (turns)
and 1692 (anti-parallel strands). The secondary structure contentwas calculated from the
relative area of each band with respect to the total area of all bands in the amide I region:
59% β-strands, 15% α-helices, 19% random and 7% turns.
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bond and its shape is sensitive to the secondary structure of proteins.
The large peak at 1630 cm−1 indicates a high content in β-strands
and the peak at 1692 cm−1 is a feature of anti-parallel β-strands
(Fig. 7). The deconvolution of the spectrum allows the determination
of the VDAC secondary structure: 59% β-strands, 15% α-helix and 26%
random and turns. The high proportion of β-strands is close to that es-
timated using another procedure (53%) by Abrecht et al. [90]. Though
the α-helix content appears to be slightly overestimated, the β-strand
content agrees with the secondary structure prediction (55%) and the
PcVDAC32 modeled structure (64%; see Section 3.5).
All secondary structure predictions also suggested the presence of
an α-helix in the N-terminal region of VDAC which was proposed to
be either part of the barrel or to lie outside the barrel [13,91,92]. In
particular different prediction algorithms found an α-helix of about
14 residues at the amino terminal end of several rice VDAC sequences
[13]. Furthermore, CD and NMR studies using synthetic peptides from
various VDAC sequences conﬁrmed that the ﬁrst N-terminal residues
of VDAC fold into an amphipathic helix [76,93].
3.4. The three-dimensional structure of mammalian VDAC1
More than 30 years after its discovery, VDAC structure was deter-
mined at a molecular level. A structure of mouse VDAC1 (mVDAC1)
was solved using X-ray crystallography and two structures of
human VDAC1 (hVDAC1) were obtained using NMR or a combined
NMR/X-ray crystallography approach [30,94,95]. Human and mouse
VDAC1 sequences differ only by four substitutions. All three struc-
tures revealed a pore-forming protein shaped as a β-barrel compris-
ing 19 antiparallel β-strands closed by two parallel strands. They
also all disclosed that the N-terminal segment does not form a part
of the barrel as was proposed earlier but it is located inside the barrel.
These three structures differ however on the exact position of this N-
terminal segment, its local structure and on its interactions with the
barrel. In the crystal mVDAC1 and the mixed X-ray/NMR hVDAC1
structures the N-terminal segment adopts an almost full α-helix (res-
idues 7 to 19) that is nearly perpendicular to the β-barrel axis and
that leans onto the barrel wall while the NMR conformations of
hVDAC1 feature a shorter helix (residues 6 to 11) and a rather unde-
ﬁned structure for the remaining residues, hinting at the ﬂexibility of
this segment. In all structures, the pore dimensions are of about
3.1×3.5 nm in diameter and 4 nm in height in agreement with the es-
timates obtained from previous AFM and EM studies [76–80].
Because of the unusual odd number of β-strands compared to that
observed in the structures of bacterial β-barrel proteins [48,49] and
because of conﬂicts with some biochemical and functional data the
biological signiﬁcance of these atomic resolution structures hasbeen questioned [92]. However, the atomic resolution structures
and additional NMR measurements of VDAC1 in detergent micelles
and DMPC nanodiscs, all share a remarkable similar structure al-
though the data were obtained in different detergent and lipid envi-
ronments [96,97]. Moreover the crystal and the NMR structures
were shown in theoretical studies to behave as a slight anion selective
channel as expected from the native protein [66,67,98].
3.5. A 3D structural model of plant VDAC from P. coccineus
Different spectroscopic and bioinformatic studies agree with the
atomic resolution structures on the secondary structure content and
topology of VDAC channels from fungi, animals and plants
[76,78,85,87,88,90].
We thus built, using comparative modeling, a 3D model of
PcVDAC32 based on the crystallographic structure of mVDAC1 [95].
This model could be used as a working hypothesis to guide new exper-
iments and to interpret experimental data obtained on plant VDACs.
Despite a low percentage of sequence identity (28%) secondary struc-
ture prediction using Prof [99] (Fig. 8) shows a good correspondence
between the predicted strands of PcVDAC32 with the β-strands deter-
mined on themVDAC1 structure by the program STRIDE [100]. The ste-
reochemistry of the plant VDAC model was assessed with Procheck
[101] and is consistentwith X-ray structures determined at a resolution
of 2.3 Å. The accuracy of the proposed model was checked against se-
quence, structural and biological data.
The PcVDAC32 3D model (Fig. 9) superimposes very well on the
crystallographic structure: the root-mean-square distance of the Cα
atoms between the two structures amounts to about 1 Å [102]. The
average length of the 19 amphipathic β-strands is about 10 residues
and the average inclination of the β-strands relative to the barrel
axis in agreement with the tilt angle derived for plant VDACs from
FTIR experiments [90]. The loops connecting the 19 β-strands are of
similar length in both the mouse and plant structures.
The molecular surface of the modeled structure colored according
to the physico-chemical nature of the residues reveals that the amino
acids contacting the acyl chains of the lipid membrane form a hydro-
phobic surface around the barrel (Fig. 10A). In contrast, the interior of
the pore is more hydrophilic. In both the 3D model and the X-ray
structure, aromatic residues (Phe, Tyr, Trp) form a sort of belt at the
interfaces of the membrane with their side chain oriented toward
the outside of the structure. It has been proposed that these
residues interact favorably with the polar heads of the lipids [103].
A similar distribution at the membrane interfaces is also observed
for the positively charged residues (Arg, Lys).
A surprising aspect that was revealed in all three experimental
structures is the presence of a negatively charged side chain, E73
(numbering refers to mVDAC1) in the middle of β-strand 4 oriented
towards the hydrophobic membrane environment [104]. In a
mVDAC1 NMR study, the β-strands 1 to 6 have been reported to ex-
hibit a ﬂexibility higher than the other strands of the barrel [94] and
E73 was found to account for this enhanced dynamics [65]. Normal
mode calculations performed on the mVDAC1 X-ray structure [95]
and on our PcVDAC32 model (this study) show higher atomic
ﬂuctuations for the ﬁrst six strands suggesting a similar dynamic
behavior in both VDACs (see Fig. 10B). E73 was shown to be
required for hexokinase-I mediated inhibition of apoptosis in mam-
malian cells [68]. This glutamate residue is strongly conserved in
VDAC1 and VDAC2 within the animal kingdom and less conserved in
VDAC3. The corresponding residue at this position in fungi is a con-
served neutral glutamine. In plants, the residue found at the equiva-
lent position is markedly hydrophobic with a preference for a valine
residue raising questions about the origin of a similar enhanced dy-
namic effect in the ﬁrst β-strands in plant or even fungi VDACs.
No ATP binding sites have been found in the 3D structures of
mouse and human VDAC1 [30,94,95]. However, a distinct interaction
Fig. 8. Sequence alignment of mVDAC1 and PcVDAC32. The α-helical and β-strand regions are highlighted in purple and yellow, respectively. For mVDAC1 these regions were iden-
tiﬁed based on structural data [95] using STRIDE [100]. For PcVDAC32 they were obtained using the secondary prediction program Prof [99].The mVDAC1 crystal structure is shown
in an inlay as a cartoon representation colored according to secondary structural elements.
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Walker B motif “SALLD” at the C-terminal end of β-strand 18 [30].
In plant sequences the serine and aspartate residues of this motifFig. 9. Structural features of the constructed model of PcVDAC32. A: The modeled 3D structu
plane of the membrane. The model is colored from blue to lilac following the sequence from
tures a large open pore, in which the helical folded N-terminus is located leaning to the inne
19 β-strands in the plant VDAC model. The individual strands are colored as in A. Strand resi
with MODELLER [179] using the mVDAC1 crystal structure [95] as a template (PDB ID: 3EMare strongly conserved. The second position is occupied by a small
size residue and the fourth by a hydrophobic one whereas the third
position shows no conservation.re is shown as cartoon in an orientation parallel (left) and perpendicular (right) to the
the N- to the C-terminus. As the template mVDAC1 structure [95], the 3D model fea-
r barrel wall. Images were prepared with vmd [178] B: Topological arrangement of the
dues oriented towards the membrane are circled in black. The 3D model was generated
N).
Fig. 10. The plant VDAC 3D model possesses physicochemical properties similar to the crystal mVDAC1 structure. A: The molecular surface of the PcVDAC32 3D model (right) is
similar to that of the mVDAC1 crystal structure (left) with a large belt made of hydrophobic residues facing the membrane. Hydrophobic, polar, positively and negatively charged
residues are colored in white, green, blue and red, respectively. B: The dynamic behavior of the plant VDAC model resembles that of mVDAC1, as it is shown by the mean square
ﬂuctuations calculated based on the ﬁrst two low frequency modes using oGNM, an online Gaussian Network Model server [180], with standard parameters. In particular, the ﬁrst
six β-strands of the two structures feature an enhanced ﬂexibility. C: Both, plant and mVDAC1 are anion-selective and ions sense a similar environment inside both pores as shown
by the electrostatic free energy proﬁle computed on the plant 3D model and the crystal mVDAC1 structure. The green and red lines represent the plant and mouse VDAC respec-
tively. Solid and dashed lines depict the chloride and the potassium proﬁles respectively. The energy proﬁles were calculated along a straight path through the pore in the presence
of 0.1 M KCl by solving the Poisson–Boltzmann equation after embedding VDAC in a low-dielectric slab corresponding to the membrane. For these electrostatic calculations the
program apbs [181] was used. Protein images were prepared with vmd [178].
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the mouse and human structures has been shown to be involved, in
the mammalian and fungi VDAC1, in several functional mechanisms
such as voltage gating [21,76,87,87,105]. This N-terminal region is
fairly well conserved between in all organisms. For instance, 7 over
the 13 residues of the helical segment are strictly conserved between
PcVDAC32 and mVDAC1. This conservation could imply a similar
functional role in plants.
An opening mechanism of the channel has been proposed [67,95]
which brings into play a hinge connecting the N-terminal α helix and
the ﬁrst β strand. This hinge sequence contains a cluster of glycine resi-
dues which appear to be conserved only in mammals. This suggests that
either the openingmechanismmay differ in VDAC fromdifferent lineages
or that this glycine region either is not involved or is not the only key play-
er in the conformational transition from open to closed states.
We also calculated the work needed to translocate an ion through
the channel using our plant 3D model. The energy proﬁle (Fig. 10C)
shows that the transport of chloride is strongly favored relative to
that of potassium in agreement with a channel being anion-
selective. The same calculation performed on the crystal mouse struc-
ture for comparison shows a proﬁle similar to that of PcVDAC32 and
to a proﬁle evaluated in a previous study [66]. This result sustains
that PcVDAC32 is likely to adopt the same structure as the mammali-
an VDAC. Based on our MSA (see Section 3) 3Dmodels of other higher
plant VDACs should have similar features and fold.Overall the quality of our model for PcVDAC32 is supported by
several data albeit it must be validated further by experiments com-
bining molecular biology, biochemistry, electrophysiology and/or by
high resolution structural data.
4. Co-localization: biophysical and biochemical evidence
There is strong evidence indicating that in mammalian cells the
VDAC1 isoform accumulates in the plasma membrane [106]. In plants,
several studies have shown that in addition to its localization in the
MOM VDAC is also found in non-mitochondrial cell membranes, nota-
bly in the membrane of peroxysomes, glyoxysomes, chloroplasts as
well as in the plasmamembrane. Immunolocalization of the subcellular
distribution of VDAC isoforms in Lotus japonicus indicated that some
isoforms are present in both mitochondria and small vesicles located
at the cell periphery [14,107]. Clausen et al. [107] showed that the
VDAC isoform POR1 of Pisum sativum speciﬁcally targets the mitochon-
drion. A detailed investigation of the subcellular localization of all VDAC
isoforms (coupled to GFP) found in A. thaliana indicated that themolec-
ular determinant of the subcellular distribution is contained in the C-
terminal region of the VDAC sequence [56] within the eukaryotic mito-
chondrial porin motif (PROSITE Pattern-ID: PS00558). A. thaliana, a
higher plantmodel having the smallest sequenced genome to date, pos-
sesses ﬁve genes encoding putative VDAC proteins (AtVDAC1-5). AtV-
DAC5 is thought to be a pseudo-gene: its corresponding nucleotide
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tide, which is signiﬁcantly shorter than the average length of a VDAC se-
quence (~270 residues) and its transcript was not detected [56,107].
AtVDAC1 (TAIR ID: At3g01280) and AtVDAC3 (TAIR ID: At5g15090) ex-
clusively target themitochondriawhile AtVDAC2 (TAIR ID: At5g67500)
and AtVDAC4 (TAIR ID: At5g57490) are also co-localized in other uni-
dentiﬁed subcellular structures. Tateda et al. [56] further showed that
there is a correlation between the presence of a proline at the position
223 and the strict localization of AtVDAC inmitochondria. Both AtVDAC1
and AtVDAC3 feature a proline at position 223while a histidine or a glu-
tamine is found at this position in AtVDAC2 and AtVDAC4, respectively.
The AtVDAC1P223H mutant acquired the broad subcellular distribution
of AtVDAC2 whereas the AtVDAC2H233P mutant was exclusively
detected in mitochondria. However, the heterologous expression, in a
VDAC1-deﬁcient yeast strain, of a L. japonicus cDNA encoding LjVDAC1.3,
which contains a proline at position 223, produces a protein that does
not target the MOM. This suggests that, at least in heterologous expres-
sion experiments, proline 223 is not the unique determinant of VDAC
subcellular localization. Similarly, transient expression experiments of
a mRFP1::GmVDAC construct in onion cells indicated that a GmVDAC
from Glycine max (soy bean) targets the peroxisome despite the pres-
ence of a proline at position 223 [108].4.1. Plastids
Plant plastids are organelles involved in essential metabolic path-
ways and storage of chemicals. They may differentiate into several
forms that perform speciﬁc function. For instance, chloroplasts serve
as the site of photosynthesis in green tissues and amyloplasts are spe-
cialized in the storage of starch in non-green tissues such as roots and
seeds. Like mitochondria, plastids are surrounded by a double mem-
brane envelope and may have originated from a bacterial ancestor.
The presence of a large conductance porin-like channel in the
chloroplast outer membrane was ﬁrst identiﬁed by Flügge and Benz
[109]. Ten years later Fischer et al. [16] characterized the molecular
and biochemical properties of a VDAC protein in a puriﬁed fraction
of pea root plastids. A VDAC-like channel activity was also measured
using patch clamping technique in the giant chloroplast envelope
from Nitellopsis obtusa. This channel characterized by a bell-shaped
voltage-dependence closes to a subconductance state in the presence
of synthetic König's polyanion. Though these electrophysiological
properties are reminiscent of VDAC, this channel is cation-selective
and its unitary conductance (520 pS in 0.1 M KCl) is larger than that
measured for the mitochondrial VDAC. In contrast to the MOM, the
chloroplast outer membrane houses four different channels named
outer envelope proteins (OEP) which feature distinct substrate spec-
iﬁcity: OEP16, OEP21, OEP24 and OEP37 [110–113]. The electrophys-
iological properties of the recombinant OEP24 are similar to those of
the channel studied in the chloroplast envelope of N. obtusa. Howev-
er, OEP24 and VDAC do not share structural similarities. OEP24 is
characterized by seven putative amphiphilic β-strands and forms
homodimers in its active state [110]. Therefore, the electrophysiolog-
ical features cannot uniquely determine whether a chloroplastic
channel belongs or not to the VDAC family. In addition, the speciﬁcity
of the OEP channels suggests that they might have distinct roles in
different metabolic processes. This raises the question about the rele-
vance of the presence of a nonselective channel like the VDAC in the
chloroplast outer membrane.
AtVDAC1 and AtVDAC3 encoded respectively by genes At3g01280
and At5g15090 have been identiﬁed in the Arabidopsis chloroplast en-
velope proteome [114] as well as in the Arabidopisis mitochondrial
proteome [115]. These two AtVDAC isoforms are encoded by genes
that have the highest transcript level [107] in A. thaliana. This might
explain why they are more easily detected in the proteome than the
other two isoforms (AtVDAC2 and AtVDAC4).Studies on the intracellular localization of plant VDAC using im-
munoblotting and protein targeting assays have however not con-
ﬁrmed the presence of VDAC-like channels in pea plastids [107]. In
addition, localization analysis of AtVDAC-GFP constructs showed
that AtVDAC1 and AtVDAC3 are exclusively detected in mitochondria
[56]. Thus, a possible explanation for these contradictory results is
that the identiﬁcation of VDAC in puriﬁed plastid fractions might
have arisen from a mitochondrial contamination.
4.2. Peroxisomes
Plant peroxisomes are functionally differentiated into at least ﬁve
classes: glyoxysomes, cotyledonary peroxisomes, leaf peroxisomes,
root peroxisomes and unspecialized peroxisomes [116].
Corpas et al. [117] have puriﬁed from Cucumis sativa (cucumber)
seed glyoxysomes a 36-kDa polypeptide that reacts with antiserum
raised against a potato tuber mitochondrial VDAC. Immunogold ex-
periments with potato VDAC antiserum co-localize this protein in
the mitochondria and in different types of peroxisomes. Moreover, a
short polypeptide (24 residues) of this 36-kDa protein obtained by
proteolytic cleavage shows a high sequence identity (72–95%) with
plant VDACs. Along the same lines, Arai et al. [108] have identiﬁed a
VDAC in the proteome of peroxisomes puriﬁed from Glycine max
seed cotyledons. This GmVDAC coupled to a red ﬂuorescent protein
(RFP1) was localized in peroxisomes during transient expression ex-
periments in onion cells despite the presence of proline at position
223 in its sequence. VDAC was also found in the proteome of Arabi-
dopsis leaf peroxisomes [118]. The authors of this work pointed out
the difﬁculty to avoid co-puriﬁcation of mitochondria and chloro-
plasts with leaf peroxisomes and they concluded that VDAC might
be a contaminant of the peroxisomal protein sample. All these puta-
tive VDACs were not characterized electrophysiologically.
The electrophysiological properties of a porin-like protein puri-
ﬁed from glyoxysomes of Ricinus communis (castor bean) [119]
were reported to be similar to that extracted from Spinacia oleracea
(spinach) leaf peroxisomes [120] but to differ signiﬁcantly from
those of mitochondrial VDACs. Indeed, this peroxisomal porin fea-
tures a low conductance (~300 pS in 1 M KCl), a high anion selectiv-
ity (PCl/PK=20) and a bell-shaped voltage-dependence [120,121]. It
also plays a key role in the transport of metabolites across the perox-
isomal membrane [122]. So far, these porin-like proteins were not
characterized biochemically.
Altogether these results suggest that different types of channels
might exist in peroxisomes and that at least one of themmight belong
to the VDAC family. The role of this putative VDAC in the physiology
of peroxisomes is not known.
4.3. The plasma membrane
VDACwas identiﬁed in the plasmamembrane proteome of A. thaliana
and Oryza sativa (rice) [123,124,124]. Three AtVDAC proteins, AtVDAC1
(TAIR ID: At3g01280), AtVDAC3 (TAIR ID: At5g15090) and AtVDAC4
(TAIR ID: At5g57490), have been found in the Arabidopsis plasma mem-
brane proteome. The transient expression of AtVDAC3::DsRed2 fusion
proteins in onion cells also showed the localization of AtVDAC3 in the
plasma membrane. However, these results are in disagreement with
those showing that AtVDAC1::GFP andAtVDAC3::GFP are exclusively tar-
geted to the MOM in Arabidopsis protoplasts [56]. As the plasma mem-
brane proteome shows a low level of contamination by other
endomembrane proteins no deﬁnite conclusion can be drawn about the
localization of the VDAC in the plasma membrane.
4.4. Concluding remarks
Altogether these results suggest that some VDAC isoforms are co-
localized outside the MOM. The presence of VDAC in the membrane of
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family of proteins in plants. An accurate identiﬁcation of these extrami-
tochondrialmembranes and the elucidation of the role of VDAC in these
membranes would require a more thorough investigation.
The difﬁculty to unambiguously establish the subcellular distribu-
tion of VDAC as shown by some conﬂicting results is inherent to the
experimental methods used. Biochemical methods resorting to or-
ganelle separation and puriﬁcation are prone to contamination. For
instance, many proteomics studies carried out on a speciﬁc organelle
reported the presence of proteins from other organelles. A possible
reason is that organelles that participate in one common metabolic
pathway or network may ﬁnd an advantage to be close to each
other so as to increase the efﬁciency of their metabolite exchanges.
The proximity of these organelles in vivo will unavoidably lead to
the co-puriﬁcation of proteins from different organelles. For instance,
in leaves, interaction occurs between peroxisomes, mitochondria and
chloroplasts which are recruited for the photorespiration.
Most membrane proteins are hydrophobic and tend to precipitate
at their isoelectric point which is a major inconveniency for the clas-
sical 2D gel electrophoresis used in proteomic studies. Thus speciﬁc
strategies have been developed to analyze the hydrophobic proteome
of membranes [125,126]. They are usually not needed to identify the
VDACs which have a negative GRAVY score (−0.16) similar to that of
hydrophilic proteins. Thus, compared to other membrane proteins
VDACs may have a higher propensity to contaminate samples in clas-
sical proteomic studies.
Both anti-LjVDAC1.1 and anti-POM36 (potato VDAC) antibodies
used for immunolocalization cross-react with different VDAC iso-
forms. The use of electron microscopy immunolocalization with
gold labeled speciﬁc antibody against each VDAC isoform may permit
to solve the uncertainty related to their co-localization. The produc-
tion of speciﬁc monoclonal antibodies for each isoform should be pos-
sible in the case of Arabidopsis. This plant model possesses only four
VDAC isoforms which are sufﬁciently different from each other to
avoid cross-reactions. These experiments performed in situ will dis-
card any uncertainty associated with mistargeting that could arise
from the overexpression of VDAC or from its coupling to a reporter
like GFP or else to its expression in a heterologous system.
The VDAC co-localization in extra-mitochondrial membranes
raises new questions: what determines the targeting speciﬁcity of a
VDAC isoform towards an extra-mitochondrial membrane? How the
protein is correctly inserted and folded in extra-mitochondrial mem-
branes? What would be the role of VDAC in these membranes? In
some non-mitochondrial membranes the VDAC function may be sig-
niﬁcantly altered. For instance, in membranes subjected to a large
membrane potential difference (−120 to −200 mV across the plant
plasma membrane) VDAC may feature a very low conductance and
a different selectivity. VDAC may also play the role of receptor to cou-
ple the membrane to the cytoskeleton [127–129]. Or it might serve as
a scaffold for the formation of protein complexes with enzymes like
kinases or other polypeptides that might regulate its opening even
in the presence of a large electric potential difference.
5. Import of tRNA and DNA
5.1. tRNA
The mitochondrial genomes of plants like other mitochondrial ge-
nomes lack some essential tRNA genes. The translation of proteins
encoded in the mitochondrial genome thus requires the import of
speciﬁc tRNA from the cytosol [130,131]. The necessity to import
tRNA in mitochondria has been demonstrated in evolutionary distant
eukaryotes (e.g. protists, yeasts, animals, algae, plants) but the tRNA
import mechanism is still elusive [132–134].
The mechanisms that are proposed to explain tRNA import are dif-
ferent according to the studied organism. In yeasts the import requiresthe translocase of the outer membrane (TOM) complex of the protein
importmachinery [135] and the protist Leishmania tropicauses a specif-
ically dedicated RNA Import Complex (RIC) [136–138]. In plants it has
been suggested that VDAC might be the pathway for tRNA import
[130,132]. Salinas et al. [130] proposed that two proteins of the protein
import machinery, TOM20 and TOM 40, bind tRNA, which is then trans-
located through the VDAC. In support of this hypothesis they also
showed that the tRNA import is inhibited by VDAC antibodies. The im-
port of tRNA in plant mitochondria is inhibited by ionophores like vali-
nomycin or oligomycin [139] and ATP is required for the binding of
tRNA at the MOM outer surface [130,139]. This demonstrates that a
membrane potential and a functional respiratory chain are required
for the tRNA import from the cytosol to the mitochondrial matrix.
The number and identity of the tRNAs that must be imported into
plant mitochondria vary from one plant species to another. For in-
stance, it is believed that nine tRNAs are imported in A. thaliana
while all but three tRNAs enter the mitochondria of the unicellular
algae Chlamydomonas reinhardtii. This raises the question of the selec-
tivity mechanism. If VDAC can mediate the translocation of tRNA
through the MOM it however cannot select the tRNAs that are re-
quired for protein synthesis in the mitochondrial matrix. Duchêne
et al. [131] have hypothesized that the precursor of mitochondrial
aminoacyl-tRNA synthetases (aaRSs) might serve as a carrier to direct
tRNA towards the mitochondrial surface. Following this hypothesis,
one may also propose that tRNAs are imported in line with mitochon-
drial aaRSs. This is sustained by recent experiments showing that a
protein can serve as a vector to transfer efﬁciently tRNAs into isolated
mitochondria [140]. The hypothetic involvement of a cytosolic pro-
tein in tRNA import is also consistent with the results indicating
that TOM20 and TOM 40, two proteins of the protein import machin-
ery, are required for tRNA import in plant mitochondria [130].
In that respect, VDAC would not be essential for the tRNA import
in plant mitochondria. In support to this assertion, it has been
shown that the VDAC analog of Trypanosoma brucei is not required
for the mitonchodrial tRNA import [141].
5.2. DNA
Compared to other organisms the plant mitochondrial genome
has a large size ranging between ~200 and 2500 kbp in angiosperms.
This is due to the presence of repeated sequences, of introns and of
foreign DNA sequences from the nucleus and the chloroplasts or
from viruses via the horizontal gene transfer [142]. This suggests
that DNA exchange could have occurred between mitochondria and
other cell compartments. The transport mechanism of double-
stranded DNA through the mitochondria envelope is not elucidated.
In vitro experiments showed that amaize linear 2.3 kb plasmid can
be imported in the matrix of intact potato mitochondria [143]. Sur-
prisingly, this import is inhibited in the presence of the single stranded
DNA in contrast to what is observed in mammalian mitochondria
[144]. The importmechanismdoes not seem to depend on the plasmid
sequence but its efﬁciency decreases with the increase of the linear
plasmid length. Moreover, the import is inhibited when mitochondria
are treated beforehand with an antiserum against potato mitochon-
drial VDAC suggesting that VDAC might mediate the plasmid translo-
cation through the MOM. In contrast to rat liver mitochondria [144],
plant mitochondria require a membrane potential and a functional re-
spiratory chain for the plasmid import from the cytosol into the mito-
chondrial matrix.
Evidence of the involvement of VDAC in the transport of double-
stranded DNA was also reported for other organisms. Double-
stranded DNA can be electrophoretically translocated through bovine
heart VDAC reconstituted in planar lipid bilayers [145]. Like plants
[143] and rat liver mitochondria the mitochondria of the S. cerevisiae
wild type strain which possesses two VDAC-encoding genes are com-
petent to import plasmids. It was shown that the plasmid import was
1497F. Homblé et al. / Biochimica et Biophysica Acta 1818 (2012) 1486–1501signiﬁcantly reduced in strains deleted for either VDAC-1 or VDAC-2
gene.
All together these results indicate that the uptake of double-
stranded DNA in mitochondria is common to plants, animals and
yeasts and that VDAC is recruited for the translocation of plasmids
through the MOM. Further biochemical and molecular experiments
are needed to decipher the whole mechanism of double-stranded
DNA import from the cytoplasm to the mitochondrial matrix.6. Expression and distribution in plants
Most VDAC genes are expressed in all plant tissues at various in-
tensities [12–14]. The transcript level of AtVDAC1 and AtVDAC3 in
the shoot and root of A. thaliana, is higher than that of AtVDAC2 and
AtVDAC4 [107]. This agrees with the data given by the Genvestigator
microarray expression database [146–148] (Fig. 11). Recently, the ex-
pression pattern of the four AtVDACs was assessed using the respec-
tive AtVDAC promoter-GUS construct [56] AtVDAC1, AtVDAC2 and
AtVDAC3 were found to be differentially expressed while the promot-
er activity of AtVDAC4 was found everywhere. This is consistent with
the analysis of the microarray expression database showing that AtV-
DAC4 is equally expressed in all plant parts whereas the other genes
display a peak of expression in some tissues like, for instance, in mer-
istematic zones, seeds and sperm cells (Fig. 12). However, signiﬁcant
differences are found between the microarray expression studies and
localization of AtVDAC promoter-GUS construct. This is notably the
case for AtVDAC3 showing a high level of transcript expression in
all plant tissues (Figs. 11 and 12) whereas its promoter activity has
a strong activity only in anthers and stigma [56].
The genes encoding VDACs are also differentially expressed in the
presence of environmental stresses. VDACs genes were reported to be
up-regulated in response to drought, cold, salinity and salicylic acid in0
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the plant development. Data were analyzed using the GENEVESTIGATOR database
and Web-browser data mining interface for Affymetrix GeneChip data (https://www.
genevestigator.com).P. glaucum [84] or after being released from drought, salt and osmotic
stresses in O. sativa [13]. The transcript of the four AtVDAC genes from
A. thaliana however was not signiﬁcantly affected by salt, drought or
cold stresses [149].
Expression studies indicated a differential expression pattern of
VDACs in plants [12,13]. However, these results based only on gene
expression should be taken with caution because there might be no
causal relationship between the level of mRNA and that of the corre-
sponding protein products, which are the functional elements of cells.
For instance, several reports indicate that there is a transcriptional
regulation of some plant VDACs [13,150,151].
A direct causal relationship between the four AtVDACs and plant
growth was achieved on 4-weeks-old plants grown at 22 °C using T-
DNA insertion mutant [56]. AtVDAC1 and AtVDAC3 knockout mutants
showed a growth rate comparable with the wild type whereas AtV-
DAC2 and AtVDAC4 knockout mutants grew at half the rate and had
a dwarf phenotype compared to the wild type. AtVDAC3 does not
seem to be essential for plant growth: it has a weak promoter activity
and the knockout mutant neither alters the growth phenotype nor
the expression of other VDACs. In contrast, AtVDAC1 plays a role in
the plant response against bacterial pathogens (see Section 7).
7. Programmed cell death
Programmed cell death (PCD) is a common process in plants. It
constitutes an essential feature of development and resistance to abi-
otic and biotic stresses [152–157].
There are several lines of evidence indicating cytological and bio-
chemical similarities between plant and mammalian PCD [158]. For in-
stance, cytochrome c release from mitochondria is an early event in
PCD in plants [159,160]. Several PCD regulator analogs have recently
been identiﬁed. Though caspases were not found in plants, caspase-like
proteins, named metacaspases were identiﬁed in these organisms
[161]. They are up-regulated upon the trigger of PCD [162,163]. BAG
(Bcl-2-associated athanogene) analogswere identiﬁed in Arabidopsis ge-
nome. They regulate a variety of plant processes like pathogen attack, in-
duction of PCD and abiotic stress and development [164,165].
Arabidopsis also contains one BI-1 (Bax inhibitor-1) homolog and two
other BI-1-related homologs (AtBI-2 and AtBI-3) [166] that modulate
cell death progression [167,168].
In addition, some PCD regulators can be exchanged between
plants and mammals. Transgenic tobacco plants expressing human
or viral antiapoptotic proteins (Bcl-2 and Bcl-xl, nematode CED-9, or
baculovirus Op-IAP) acquired resistance to fungal pathogens [169].
Moreover, overexpression of rice VDAC in the Jurkat T-cell line in-
duced apoptosis, which can be inhibited by Bcl-2 [170].
Kim et al. [171] showed that mitochondrial-associated hexokinase
(HxK) participates in the control of PCD in plants. Overexpression of
mitochondrial HxKs (HxK1 and HxK2) in Arabidopsis prevented cell
death in H2O2-induced PCD. In contrast, silencing of Hxk1, which en-
codes a mitochondrial HxK, caused PCD in Nicotiana benthamiana.
This protective effect of HxKs against PCD in plant is reminiscent of
the role of HxK found in mammalian cells [172] and suggests that
VDAC might be the binding site of HxK in plants. Other enzymes
could interact with VDAC as well. For instance, glycolytic enzymes
are located on the surface of mitochondria and are free in the cytosol.
Two of them, the aldolase and glyceraldehyde-3-phosphate dehydro-
genase were found to bind to plant VDAC [173] suggesting that pyru-
vate can be synthesized close to its site of uptake into the
mitochondrion where it participates to TCA cycle.
8. Conclusions
Plant VDACs have a diversity of roles encompassing the regulation
of solutes and macromolecules transport through the MOM and the
regulation of PCD through interactions with other proteins. Despite
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electrophysiological and spectroscopic experiments combined with
molecular modeling suggest that all VDACs share a similar structure.
The structure and topology of the VDACs are thus predominantly
commanded by the physico-chemical nature of the amino-acids fac-
ing either a lipid or a water environment rather than by a true se-
quence identity. The elucidation of the experimental structure of
different plant VDAC isoforms is certainly one of the challenges in
the future. It would assist in deciphering the structure/function rela-
tionship of plant VDACs and unraveling their regulation by their in-
teractions with membrane lipids and other proteins as well as their
possible differential roles in the cells.Acknowledgments
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